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Abstract
Background: Recent advancements in wearable technology has enabled easy measurement of daily
activities, which can be applied in rehabilitation practice for the purposes such as maintaining and
increasing the activity levels of the patients. A smart clothing system is one of the newly developed
wearable systems that enables the measurement of physical activity such as heart rate and/or
acceleration. In this study, we aimed to examine the validity of trunk acceleration measurement using a
smart clothing system (‘hitoe’ system) in assessing the physical activity, which was measured using the
expiratory gas analysis.

Methods: Twelve healthy individuals participated in the study. The trunk acceleration was simultaneously
measured using a triaxial accelerometer embedded in a smart clothing activity monitoring system (‘hitoe’
system), and the percent VO2 reserve (%VO2R) was determined by performing expiratory gas analysis
during treadmill testing. Three parameters, that is, moving average (MA), moving standard deviation
(MSD), and moving root mean square (RMS), were calculated using the norm of the trunk acceleration.
The relationships between these accelerometer-based parameters and %VO2R from expiratory gas
analysis for each individual were examined.

Results: The values of MA, MSD, RMS, and %VO2R were signi�cantly different between levels 1, 2, 3, and
4 in the Bruce protocol (P<0.01). The average coe�cients of determination for individual regression for
%VO2R vs. MA, %VO2R vs. MSD, and %VO2R vs. RMS were 0.89±0.05, 0.96±0.03 and 0.91±0.05,
respectively. The parameters based on the trunk acceleration measurements were signi�cantly correlated
with %VO2R and activity levels. Among the parameters examined, MSD showed the best correlation with
%VO2R, indicating high validity of the parameter for assessing physical activity.

Conclusions: The present results support the validity of the MSD calculated from the trunk acceleration
measured with a smart clothing system in assessing the exercise intensity.

Trial registration: UMIN000034967

Registered 21 November 2018 (retrospectively registered). 

1. Background
Recently, there have been several reports on activity monitoring using wearable devices, along with the
dynamic development in measurement technology. Accelerometry is one of the main measurement
modalities used for monitoring physical activity. A number of studies have reported its usefulness in
monitoring the movements of individuals using devices, such as pedometers, which are worn on the
waist and used for measuring step counts [1, 2] and wrist-worn type accelerometers [3, 4], which are
increasingly becoming common these days.
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Given the increasing need for rehabilitation clinical practices to quantify daily activities of patients for the
purpose of maintaining and increasing their activity levels, the use of an accelerometer would be
bene�cial in the assessment of the activity quanti�cation of patients in rehabilitation. However, there may
still be some di�culties in applying these devices to patients with motor impairments such as post-stroke
paresis, which is frequently observed in the rehabilitation practice. For example, patients with paresis or
lower limb injuries frequently use handrails or canes, which may interfere with accurate measurements
using a wrist-worn accelerometer [5]. Measuring steps with an accelerometer can be inaccurate for
patients with neurological disorders [6] due to reasons such as irregular step patterns and low gait
speeds.

Therefore, there is a need for an alternative methodology optimized for activity quanti�cation in patients
with motor impairment.

Trunk acceleration measurement may be an option. The measurement of trunk movement should be less
in�uenced by the upper and lower limb motions of patients with motor impairment and thus can be
effective in quantifying the physical activity of the patients. The measurement of trunk acceleration has
been used in activity monitoring in various manners. For example, there are several studies that evaluated
gait parameters such as steps and asymmetry with trunk acceleration [7–9]. The chest-mounted
accelerometer is also used for activity recognition [10, 11] and fall detection [12]. However, the usability of
trunk acceleration with a chest-worn monitor for the quanti�cation of activity is not well investigated.

In addition, there may be a need for new index for the evaluation of the physical activity using
accelerometer; to date, the use of indices such as step counts and device-speci�c activity counts, which
are count of movement above a certain pre-set threshold has been common. However, the intensity of the
activity should also be taken into consideration while assessing patients with motor impairment because
the slower and smaller movement in daily activity of patients with motor impairment may not be
su�ciently detected by the thresholds, which were set based on the activity of healthy subjects. Although
the intensity of physical activity is usually de�ned by the oxygen consumption or heart rate, which re�ects
the oxygen supply for the activity, objective physical indices based on acceleration measurements that
re�ect the intensity should also be useful in assessing the character of the activity of patients with motor
impairments.

Therefore, in this study, we investigated the validity of several indices based on trunk acceleration
measurements for the assessment of the intensity of physical activity, in comparison with the exercise
intensity determined via expiratory gas analysis. A smart clothing system, which is one of the emerging
wearable monitoring systems, was used for measurement.

2. Materials And Methods

2.1 Participants



Page 4/15

Fourteen healthy adults (10 males; mean age of 29±5 years) with no medical history of neurological,
musculoskeletal, cardiovascular, or respiratory diseases participated in this study. Individuals who
received medication that could potentially affect performance were excluded.

This study complied with the principles of the Declaration of Helsinki and was approved by the Medical
Ethics Committee of Fujita Health University. All the participants provided written informed consent prior
to participation.

2.2 Procedures
Each participant underwent treadmill testing following the Bruce protocol [13]. Respiratory gas analysis
during exercise testing was performed using a mobile aerosol monitor (AE-100i, Medical Science, Tokyo,
Japan). Participants were asked to avoid any high-intensity exercise and alcohol or caffeine consumption
24 h prior to the assessment. Before these tests, the resting VO2 while sitting was measured. The monitor
was calibrated before and after each testing session using veri�ed calibration gases. According to the
Bruce protocol, participants started exercising at level 1 with a treadmill speed of 2.7 km/h and an incline
of 10% gradient for 3 min. The speed and inclination were subsequently increased at 3-min periods in the
following manner: level 2, 12% incline at 4.0 km/h; level 3, 14% incline at 5.5 km/h; level 4, 16% incline at
6.8 km/h; level 5, 18% incline at 8.1 km/h; level 6, 20% incline at 8.9 km/h; and level 7, 22% incline at 9.7
km/h. We considered VO2 to have reached the maximum value if the participants satis�ed at least three
of the following four criteria: (1) maximum voluntary exhaustion, as measured by the Borg CR-10 scale;
(2) presence of a heart rate plateau (ΔHR between two consecutive work rates ≤ 4 beats·min−1); (3)
presence of a VO2 plateau (ΔVO2 between two consecutive work rates < 2.1 mL·kg−1⋅min−1); and (4)
maximal respiratory exchange ratio ((RERmax) >1.1) [14, 15].

Trunk acceleration was measured using a ‘hitoe’ smart clothing system (Figure 1; NTT Corp., Tokyo,
Japan and Toray Industries Inc., Tokyo, Japan), which can be used to measure the heart rate and trunk
acceleration [16]. This smart clothing system comprised a ‘hitoe’ wear, ‘hitoe’ transmitter, and smartphone
application. An accelerometer embedded in the ‘hitoe’ transmitter placed on the chest measured the trunk
acceleration. The sampling rate was 25 Hz. The transmitter sent the data to a smartphone using
Bluetooth Low Energy (BLE). The smartphone application was created by authors using the ‘hitoe’ SDK kit
(NTT DOCOMO Inc., Tokyo).

2.3 Parameters
The intensity of the activity was assessed by the percent VO2 reserve (%VO2R), a gold standard for the
assessment of exercise intensity[17].

%VO2R was calculated using the following equation:
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The VO2 value during sitting and the maximum VO2 value during treadmill exercise testing using the
Bruce protocol were used for measuring resting and maximum VO2, respectively.

Several movement quanti�cation indices based on trunk acceleration were compared with %VO2R in this
study. The moving mean, moving standard deviation, and moving root mean square over a window of 50
samples (2 s) of the trunk acceleration were calculated using data for the last 2 s (50 data points). The
norm of acceleration was calculated using the following equation:

where x, y, and z represent the vertical, lateral, and anterior/posterior axes, respectively.

%VO2R and acceleration-based indices used for the analyses were averaged during the middle 1 min of
each 3-min stage during the treadmill testing.

2.4 Analyses
The normality assumption was checked using the Shapiro-Wilk test. Pearson bivariate correlations were
used to assess the simple relationship between VO2 and acceleration-based indices. To investigate
whether the acceleration-based indices differentiate the different levels of physical activity de�ned in the
Bruce protocol, the values of MA, MSD, and RMS, and %VO2R as a reference, at levels 1 to 4 in the Bruce
protocol were compared.

To investigate the within-subject relationships between the acceleration-based indices and %VO2R and its
variability, three linear regressions were performed for each subject: values of %VO2R vs. MA, %VO2R vs.
MSD, and %VO2R vs. RMS. Mean values and standard deviations (SD) for intercepts, slopes, and
coe�cients of determination were calculated for each regression.

Statistical analyses were performed using JMP11 software (SAS Institute Inc., Cary, NC, USA).

3. Results
First, the simple relationship with the Pearson correlation between VO2 and acceleration-based indices
were assessed. Signi�cant correlations were observed between %VO2R and MA, %VO2R and MSD, and
%VO2R and RMS (r=0.87 and P<0.01, r=0.96 and P<0.01, r=0.92 and P<0.01, respectively). Scatter plots
are shown in Figure 2.

To evaluate the strength and the variety of within-individual relationship between the acceleration-based
indices and VO2R, the mean, SDs and CVs for the intercepts and slopes from the individual linear
regression models and their coe�cients of determinant were evaluated (Table 1). The averaged
coe�cients of determination for %VO2R vs. MA, %VO2R vs. MSD, and %VO2R vs. RMS were 0.89±0.05,
0.96±0.03, 0.91±0.05, respectively.
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Table 1
Intercepts, slopes, and coe�cients of determinants from the individual linear regression models

  MA MSD RMS

y intercept -4.98±2.27 0.27±0.07 -1.00±0.34

Slope 5.47±2.20 0.86±0.13 1.44±0.29

R2 0.90±0.05 0.96±0.03 0.91±0.05

MA, moving average of acceleration; MSD, moving standard deviation of acceleration; RMS, root
mean square of acceleration; SD, standard deviation; CV, coe�cient of variation.

 

Then, the discriminative capacity of the acceleration-based indices in detecting different levels of exercise
task were tested comparing the data of levels 1, 2, 3, and 4 in Bruce protocol. The values of MA, MSD,
RMS, and %VO2R at levels 1 to 4 in the Bruce protocol are shown in Figure 3. The values at level 1–4 were
0.98±0.02, 0.99±0.02, 1.00±0.02, and 1.06±0.04 for MA; 0.13±0.02, 0.23±0.03, 0.34±0.03, and 0.70±0.22
for MSD; 0.99±0.02, 1.01±0.02, 1.06±0.02, and 1.28±0.15 for RMS; and 32.6±4.9%, 47.0±6.2%, 61±7.9%,
and 86.5±11.6% for VO2R, respectively. Signi�cant differences between levels 1 and 2, levels 2 and 3, and
levels 3 and 4 can be observed in all indices (P<0.01).

4. Discussion
In this study, the relationship between VO2R and the acceleration-based movement indices, MA, MSD, and
RMS—calculated from the measurement of trunk acceleration using a smart clothing system—was
examined. Overall, the acceleration-based indices were signi�cantly correlated with VO2R. The results of
the regression analysis of each subject showed that MA, MSD, and RMS all �t the linear regressions, with
MSD showing the best �t with the individual linear regressions. Using these acceleration indices, the
different levels of exercise intensity de�ned in the Bruce protocol were clearly identi�ed.

The overall correlation between the trunk acceleration with waist-worn accelerometer and the oxygen
consumption has been shown previously [18, 19]. The results of this study showed that this correlation is
also seen between the values measured by chest-worn accelerometer and the exercise intensity estimated
from the oxygen consumption that is frequently used in the exercise prescription in the rehabilitation
practice[20]. In addition, we tested several indices of acceleration, such as MA and MSD—which are basic
indices that represent the amplitude and �uctuation of values—and the RMS—which has been used in
previous studies that quanti�ed running using an accelerometer [18, 21]. Among these indices, MSD
exhibited the strongest correlation with VO2R, and the least variability between the subjects. This may be
related to the measurement of gravitational acceleration. Although the gravitational acceleration is
constant, it is much larger than the dynamic component of acceleration, and a small measurement error
rate may still in�uence the results of the measurement. Considering that the measurement of acceleration
is affected by environmental conditions such as temperature [22] and that the necessity of frequent
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calibration would complicate measurement (which is the primary bene�t of the accelerometer),
measurement values that do not include gravitational acceleration could represent a better alternative.
While MA and RMS are indices that include gravitational acceleration, MSD is an index of �uctuations
from the moving average, which focuses more on the dynamic component of values. Although there may
be more sophisticated methodology such as the use of autocalibration methodology to eliminate the
gravitational acceleration [23], the simple solution to calculate moving standard deviation without
complex data analysis can be easily applied regardless of the measurement devices. This is an
advantage of the use of the MSD in the assessment of physical activity.

The correlation between the VO2R representing relative increase in oxygen consumption and the trunk
acceleration is logically derived from the intensity of physical motion of the trunk. In fact, the trunk is the
heaviest body segment [24, 25]; thus, its movement can largely affect oxygen consumption. Therefore,
trunk movement can possibly provide more accurate measurements on exercise intensity than upper-limb
movement, which varies extensively in patients with motor impairment. Although the measurement of
trunk movement with a chest-mounted accelerometer may not be as easy as with wrist-worn
accelerometers, the use of a smart clothing system can make it more feasible.

The acceleration indices also identi�ed different levels of exercise tasks, which was de�ned by the speed
and inclination of the treadmill in the Bruce protocol. This is reasonable considering that the large stride
related to the high walking speed and inclination of treadmill requires a large vertical movement of the
human body, and the cadence, which is the frequency of the steps, also increases to adjust to the high
treadmill speed. Among the indices, MSD showed the least overlap in values between the levels 1, 2, 3,
and 4, indicating better accuracy than the other indices in describing the physical intensity of the activity.
However, the variability of the values at level 4 was markedly larger in the acceleration indices than the
lower levels of the exercise task. This may be because of the variety of the participants' motions during
the task; for example, the participants either walked or ran at this level and some of them used a handrail
to control their body posture against the high speed and high inclination of the treadmill. Therefore, the
acceleration index should re�ect the participants' responses to the task in addition to the level of the
exercise task itself, which may well re�ect the exercise intensity in the acceleration indices.

Recent advancements in measurement technologies emphasize the potential feasibility of acceleration
measurement in rehabilitation settings; however, several problems can occur when employing the
commonly used measurement methodology and the indices of acceleration measurement for evaluating
the activities of patients with movement disorders.

Two major types of accelerometers are commercially available: wrist-worn accelerometers and body-worn
accelerometers. Wrist-worn accelerometers are easy to use, and numerous studies have shown the
validity of activity measurements using these devices in healthy individuals [5, 26]. However, there is a
concern regarding their usage in the case of patients with movement disorders. For patients with
disabilities, the upper limb movements in daily life vary extensively for reasons such as upper-limb
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paresis or the use of walking aids; this may negate the validity of measurements provided by wrist-worn
accelerometers.

As for body-worn accelerometers, the most commonly used devices are waist-worn pedometers. Although
the step measurement with pedometers is widely used for activity quanti�cation [6], the accuracy of
measurements in patients with motor impairments has been questioned possibly owing to the low
walking speeds, irregular movement patterns, or the use of walking aids. To utilize acceleration
measurements in the �eld of rehabilitation, where most of the patients have motor impairment, it is
necessary to develop measurement methods and indices that are resistant to variations in the motions of
patients with motor impairment. On the contrary, there are several reports on chest-worn accelerometers
for gait monitoring or posture monitoring [7–11]; however, the usability of chest-worn type devices for
evaluating the intensity of the activity or the quanti�cation of the activity has not been well investigated.

The present results would support the usability of the MSD of trunk movement with the chest-worn
accelerometer in assessment of physical activity. Several studies have focused on heart rate-based
activity monitoring using chest-strap or smart clothing monitors [27–31]. The MSD of trunk acceleration
measures a similar activity; however, from a different perspective, while heart rate is a measure that
re�ects blood supply and is also correlated with oxygen supply, acceleration re�ects actual physical
movement as an output. In healthy individuals, the regression in each individual would be similar, as
shown in this study. However, McGregor et al. reported that the relationship between acceleration
measurements and oxygen consumption can vary with exercise experience [18]. Accordingly, the
relationship between supply and output may vary more in people with motor impairment. Evaluating this
relationship will expand the possibilities of activity measurement. For example, quanti�cation of the
activity in terms of both supply and output could enable the assessment of exercise e�ciency; a patient
with severe paresis may need more blood supply, which results in an increase in the heart rate, while
performing less physical movement than a patient with mild paresis (Supplementary data). Further
exploration of these methodologies may provide a meaningful and clinically viable model for the use of
activity monitoring in rehabilitation settings.

The small sample size and limited variety in sample are the limitations of this study. Because of the high
correlation between the acceleration-based indices (RMS and device-speci�c parameters) and VO2

measurements reported previously [18, 19], the required minimum sample size is calculated as eight (1-β
0.95, α 0.05; calculated using the sample-size-calculating software G*Power, version 3.1.9.2) [32]. This
might be acceptable in an experiment with young, healthy subjects; however, further investigation for
applying it in population with a wider range of variety is needed. As the �nal goal of this study is to
investigate a methodology that is suitable for measuring the activity of the patients with movement
disability, the validity of using the proposed index in clinical population should be tested with larger
clinical samples.

5. Conclusions
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In this study, we compared acceleration-based trunk movement indices measured using a smart clothing
system with the exercise intensity measured with an expiratory gas analysis. We found that the MSD of
the trunk acceleration is highly correlated with the %VO2R. Further studies to investigate factors that
in�uence the relationship between MSD and exercise intensity would promote the utilization of
accelerometry in activity monitoring.

Abbreviations
VO2R, percent VO2 reserve; MA, mean acceleration; MSD, mean standard deviation; RMS, root mean
square
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Figure 1

The ‘hitoe’ transmitter, the ‘hitoe’ wear, and the smartphone application. The 'hitoe' transmitter (A) is
placed on the chest of the 'hitoe' wear (B). The data sent to the smartphone via Bluetooth can be seen on
the smartphone application (C).
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Figure 2

Scatter plot of %VO2R vs. MA, %VO2R vs. MSD, and %VO2R vs. RMS. The scatter plots of acceleration
indices: %VO2R vs. MA (A: r = 0.87, P<0.01), %VO2R vs. MSD (B: r=0.96, P<0.01), and %VO2R vs. RMS (C:
r=0.92, P<0.01).
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Figure 3

The acceleration indices and VO2R values in each levels of Bruce protocol The values of MA(A), MSD(B),
RMS(C), and %VO2R(D) at levels 1 to 4 are shown. *P<0.01 (Bonferrroni-adjusted).
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